2015) Combining satellite observations and reanalysis energy transports to estimate global net surface energy fluxes 1985 ABSTRACT 14 Two methods are developed to estimate net surface energy fluxes based upon satellite-based 15 reconstructions of radiative fluxes at the top of atmosphere and the atmospheric energy tendencies 16 and transports from the ERA-Interim reanalysis. Method 1 applies the mass adjusted energy 17 divergence from ERA-Interim while method 2 estimates energy divergence based upon the net 18 energy difference at the top of atmosphere and the surface from ERA-Interim. To optimise the 19 surface flux and its variability over ocean, the divergences over land are constrained to match the 20 monthly area mean surface net energy flux variability derived from a simple relationship between the 21 surface net energy flux and the surface temperature change. The energy divergences over the oceans 22 are then adjusted to remove an unphysical residual global mean atmospheric energy divergence. The 23 estimated net surface energy fluxes are compared with other data sets from reanalysis and 24 atmospheric model simulations. The spatial correlation coefficients of multi-annual means between 25 the estimations made here and other data sets are all around 0.9. There are good agreements in area 26 mean anomaly variability over the global ocean, but discrepancies in the trend over the eastern 27 Pacific are apparent.
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The absolute mean value of net radiation imbalance at the top of atmosphere (TOA) is a key much larger uncertainty due to the lack of constraints from global observations [Trenberth et al., 38 2009; Wild et al., 2013; Wild et al., 2015] . 39 The net energy fluxes at the earth's surface, including short and long-wave radiation and the sensible 40 and latent heat fluxes, are very important for the study of surface temperature change, and the = 1 ∫ ( + + + ) where L, q, Cp, T, and k are the latent heat of condensation of water, specific humidity, the 116 specific heat capacity of air at constant pressure, temperature, surface geopotential and kinetic energy 117 (( • )/ ; is the horizontal wind velocity vector), respectively. is the pressure, is the 118 gravitational acceleration and η is the hybrid vertical coordinate which is a function of pressure and 119 surface pressure [Simmons and Burridge, 1981] . The total energy tendency in each atmospheric The total energy input to the atmosphere = − where is the net downward radiation flux 123 (difference between the absorbed solar radiation and the outgoing longwave radiation) at TOA and 124 is the net downward energy flux including contributions from both radiation flux and turbulent 125 heat fluxes at surface. The moist static energy h = + + ( is geopotential). Note, a further 126 term could be added to the right hand side of (2), to represent a budget residual, which in reanalysis 127 data would be due to analysis increments and numerical effects. Rearranging (2) allows to be 128 obtained from
The total energy tendency, , is small compared with other terms and can be calculated from time 131 series of E computed from ERA-Interim analyses while · 1 ∫ (ℎ + )
For mass consistency, the output from ERA-Interim should be mass adjusted, because during 136 the assimilation procedure, observations reset the surface pressure field, whereas the mass fluxes are 137 not adjusted accordingly [Graversen et al., 2007; Berrisford et al. 2011 
Adjustment constraints
Since a large quantity of observational data are assimilated into ERA-Interim, it is expected both 191 and will provide reasonable spatial structures, but the has a multi-annual 2005) global mean value of -0.9 Wm -2 which is not physically reasonable since it is expected the 193 global averaged should be zero to guarantee energy conservation. This is because atmospheric 194 models don't, in general, have a closed budget for the atmospheric energy, as a result of inconsistent 195 treatment of turbulent cascades of kinetic energy and water mass [Lucarini and Ragone, 2011; 196 Previdi and Liepert, 2012; Lucarini et al., 2014] . Even though the global mean is close to Remove the global mean divergence from .
207
We already have and , assuming we have the correct monthly net surface energy flux 208 data over land, the monthly vertically integrated energy divergence can be calculated over 209 land using energy balance equation;
210
The globe is divided into 15 o latitude band (30 o over Antarctic). The mean discrepancy 211 between mass corrected divergence and the one derived from step (2) over land is 212 redistributed evenly over ocean grid points to keep the total divergence unchanged across 213 each band.
214
The monthly net surface energy flux over the ocean can then be calculated using bias 215 corrected divergence.
217
In step (2), it will be ideal to use net surface energy flux calculated from as the initial 218 estimation over land, but as mentioned above the derived fluxes have unrealistically large regional The area weighted multi-annual mean net downward energy fluxes from (Fig. 2d) spatial structures and zonal mean variations are also very similar ( Fig. 3 and Fig. S2a ), but the 328 magnitudes differ in places as shown in Fig. 5a . is larger in magnitude than in the south 329 Indian Ocean, but smaller in the north Indian Ocean. is smaller over the central, west and north 330 west Pacific, but has larger values over the subtropical gyre of north Pacific, as well as over south 331 east Pacific.
332
Though the mean surface flux spatial structure of ERAINT (Fig. S2b) is similar to the derived ones, are not apparent in other data sets (Fig. 5e ). The ensemble mean from AMIP5 simulations show 344 much lower fluxes into the Western Pacific ( Fig. 5f ) and this is mainly contributed from CMCC, 345 CNRM, FGOALS, GISS, MRI and INMCM4 model simulations as shown in Fig. S3 . In order to investigate where the energy is moving through the climate system [Lucarini and Ragone, 349 2011; Mayer and Haimberger, 2012; Guemas et al., 2013; Allan et al., 2014; Mayer et al., 2014; 350 Drijfhout et al., 2014] , considering the changes of multi-annual means in the net downward energy Fig. 6b and Fig. 6d show the increasing downward energy flux over the North Pacific north Atlantic (Fig. 6i, l) , the big differences are over the Eastern Pacific where simulated increases 366 in downward flux are opposite to the estimations in Fig. 6b,d,f . The estimated surface flux from 367 MERRA ( − in Fig. 6f ) is even noisier than those from and , but it also displays which are not represented fully by AMIP simulations. The increased winds will cause more 375 evaporation, so more latent heat transports to the atmosphere. Brown et al. [2014] also showed that 376 the surface cooling over Eastern Pacific will enhance the reflected short wave radiation, therefore 377 reduce the net downward energy flux.
378
The eastern tropical Pacific region marked in Fig. 6b,d over this area (Fig. 6a) is -2.1W/m 2 while the surface flux changes from ( Fig. 6b ) and fluxes are about -0.5W/m 2 for UPSCALE and AMIP5 data (Fig. 6h,k) . The changes at the surface 397 ( Fig. 6i,l) are 2.2W/m 2 and 3.3W/m 2 and the corresponding mean divergence changes of horizontal 398 energy transport (Fig. 6j,m) are 2.7W/m 2 and 3.8W/m 2 , respectively, implying that increased based upon these TOA reconstructions and atmospheric heat capacity is small so cannot uptake a 407 significant fraction of the top of atmosphere imbalance [Palmer and MacNeal, 2014] . The ocean heat 408 uptake is also increasing since over 90% of the excess energy into the Earth system is stored in the 409 ocean [Trenberth and Fasullo, 2013a] . Consistency between global mean surface and TOA flux 410 changes also applies to ERA20C reanalysis, UPSCALE and AMIP5 simulations (see table S1 ). Smith The changes of northward total meridional energy transport calculated from , and 420 − are also plotted in Fig. 4b Year Table 1 . Data sets and their properties
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